This work has focused on the development of an approach to the solution of the structural inverse problem of radar subsurface probing of roadway coverage. To solve the inverse problem in the frequency domain by the method of comparison, iterative procedure is used for the aim of function minimization. The direct problem of radar subsurface probing is based on the linear system response functions for the radar antenna system and on the equations for wave propagation in horizontally multilayered roadway coverage. The inverse problem has been investigated numerically. A genetic algorithm is used to investigate the global minimum of the aim function. Statistical assessment of the reconstruction accuracy under various conditions has been done. The aim function of the inverse problem of radar probing of roadway coverage was investigated.
Introduction
Radar subsurface probing is widely used for performing scientific and practical research. It allows one to find the hidden objects. Roadway coverage is a complex multi-layered construction. It is well known that in different seasons of the year and in different environmental conditions the preservation of road cover depends not only on usage but also on different climate-related factors. As a result different processes take place within roadway coverage: the appearance of voids, changes in dampness of the soil, changes in the ability of the soil to filter water, etc. Timely identification of these processes allows one to make a timely decision about the necessary actions for optimization of exploitation, upkeep and reconstruction of the road cover [1] .
Nowadays to research the inner structure of roadways subsurface radar probing methods are widely used [2, 3] . In spite of substantial achievements in research and development of the radar probing methods for roadway coverage, there are some problems to improve the interpretation of radar probing data. The efficiency of the radar probing heavily depends on the algorithms and the methods of signal processing, reflected from the roadway coverage. Traditional interpretation methods of the roadways subsurface radar probing results do not provide the required precision and effectiveness of roadway monitoring. Subsurface radar profiles provide only a qualitative picture of the roadway condition. Only an experienced specialist can restore the approximate structure of the roadway coverage under investigation. This is not enough for radar monitoring of roadway coverage, since the radar probing of roadways has specific features. Ensuring high reliability and efficiency of roadway coverage radar monitoring is a challenge. It is necessary to perform reconstruction of electro-physical parameters of roadway coverage with detection and identification of inner zones and objects.
Inverse problem of roadway coverage radar probing
Reconstruction of the geometrical and electrical parameters can be performed by using the secondary processing of radar probing signals, identification and object recognition. These problems can be solved by using various computational methods and algorithms. However, the applied computational methods and algorithms have to provide the required accuracy of the results of radar probing interpretation of the roadway coverage and the diagnosis of the internal structural elements condition.
Reconstruction of the geometrical and electro-physical characteristics of the object under exploration based on the radar measurements results is an inverse problem of radar probing, which is, in general, ill-posed and not unique. To solve this problem, different methods of comparing the direct solution of an assumed subsurface structure with the measured data of radar probing are usually applied. The solution of the inverse problem by the comparison method can be found both in the time and the frequency domain.
An inverse problem for the radar probing of roadway coverage is usually a structural inverse problem. Prior information is used in order to solve structural inverse problem. Prior information can be obtained from the appropriate road documentation. Prior information allows us to define the roadway coverage structure and to create its electrical model, which is then used for solving the direct problem of the radar probing.
In this work the inverse problem of roadway coverage radar probing is solved in the frequency domain using the vector of parameters
where n -the number of model layers and p i -electro-physical parameters of the model i -layer. Electro-physical parameters of each layer are: thickness h , conductivity  and relative dielectric constant , and the range of possible values of these parameters [4] .
When solving the inverse problem of subsurface probing it is very important to rationally select the type of informative characteristics, the quantity and the area of the original data in order to calculate the aim function. While solving the inverse problem of radar probing in the frequency domain by the method of comparison, the aim function  looks the following way:
where n max is index of the spectral component with frequency f max ; 
Models and conditions for inverse problem solving

Direct problem model of subsurface radar probing
A typical subsurface radar system has three main components: a transmitter and a receiver are directly connected to their antennas, and a control unit with a display [3] . The transmitting antenna radiates a short high-frequency electromagnetic (EM) pulse into the inspected medium, where it is refracted, diffracted and reflected primarily as it encounters changes in dielectric permittivity and electric conductivity. Waves that are reflected back by the probed medium induce signals in the receiving antenna, and are recorded as digitized signals for display and further analysis.
According to that, the signal forming channel for subsurface radar probing in frequency domain may be presented as it is shown in fig. 1 [4] . As a result, complex transfer function of radar subsurface probing model may be represented in the following way:
It depends on the conditions of the subsurface radar probing, as well as on the geometry of the antennas location. To get the expression ) ( RAD K  the following features of the subsurface radar probing were taken into account:
 both radar antennas are linear vibrators;  the radar antennas are located in the air and are parallel to each other;  the height of antennas location H over upper medium boundary is 
where: 
where: l is half length of linear antennas; L k  is the complex wave's number [5] , which depends on antennas diameter a, antennas high H over upper boundary of inspected medium, and complex refraction coefficient
In accordance with [4] , complex transfer function of the antennas directly coupled field is expressed as
is expressed as a complex reflection coefficient for oblique incidence of plane wave on the upper boundary of the inspected medium. Equations (2), (3) and (5) 
Electromagnetic properties modelling of roadway coverage
The electro-physical parameters of the roadway coverage layers were modeled taking into account that the roadway coverage layers are composed of such materials as asphalt, concrete, crushed stone, crushed slag, sand and others. The number of the layers can vary but the electro-physical characteristics of some layers can be very similar or even equal. Roadway coverage layers are placed between two semi-infinite spaces where the upper semi-infinite space is air and the lower one is subgrade. Two models of the roadway were used in carrying out this research: double-layer and three-layer models. Electro-physical parameters of partial double-layer model medium are presented in table 1. 
The characteristic features of solving the inverse problem by using the genetic algorithm
Searching for the global minimum by means of the genetic algorithm takes a lot of time and may even turn out to be impossible. It has been suggested, that genetic algorithm is used to study such value of the aim function  , which is not more the value of threshold  . Therefore, value of threshold  has a substantial influence on the inverse problem solution while using genetic algorithm. Use of great value of threshold  does not allow one to reconstruct the electro-physical parameters of roadway coverage with enough accuracy.
Diminishing threshold  increases the time of inverse problem decision substantially.
The aim function  is a power parameter, because value of threshold  may be calculated by using mean power of spectral constituents of 
but the value of α is set as
where К is a dimensionless coefficient, set by the user. Nevertheless, the value of К must be chosen so that the specified reconstruction accuracy of roadway coverage parameters is taken into account.
Values of the electro-physical parameters of the layers of the road coverage can vary in the limits of up to 1.5 times. Therefore for the formation of chromosome population of genetic algorithm the possible values range of every electro-physical parameter is from 0,75v to 1,25v, where v is the value of each specific parameter (see table 1 ). The range of search for each parameter was 50% of its model value.
Results of roadway coverage parameters reconstruction
For the investigation of the inverse problem algorithm that had been considered above, software application has been developed, which is able:  to model the structure and the electro-physical parameters of the road coverage;  to find the solution of the direct problem of the radar probing;  to find the solution of the inverse problem of the radar probing by using the genetic algorithm;  to investigate the aim functions, etc.
All the results mentioned below have been obtained after applying this software.
The model signal on the output of the receiving antenna, which was obtained with the help of equations (2)- (5) and parameters, is presented in table 1.
The probing signal was generated by the impact excitation of the transmitting antenna for H=0,01m, l=0,5m and d=0,5m and was a decaying harmonic oscillation with the central frequency 100 MHz. Impact excitation pulse of the transmitting antenna was triangular pulse, duration of which was equal to 2 ns. Almost the whole energy (99.9%) of the signal, reflected from the model medium, is located within the band 10-500 MHz.
The solution of the inverse problem is vector M P  , it was further used to find the relative error of reconstruction for each of roadway coverage parameters. In order to define the optimal conditions for the generic algorithm to be used to solve the inverse problem of radar subsurface probing we tried to find out how these values were influenced by the following factors:
 the coefficient K, defining the threshold of the acceptable solution  ;  frequency range of the reflected signal spectrum used, limited by its maximal frequency f max .
To obtain statistical assessment solutions of the inverse problem about 100 examples were used. The value of K in our calculations was changed within the range of 100 to 5000 with fixed f max = 500 MHz. Influence of value K on accuracy reconstruction of lower semi-infinite space (subgrade) parameters is shown on figures 6 and 7. Increase of value К leads to decrease of RMS errors for ' 3  and  3 and therefore to decrease of relative errors of reconstruction. When К is more than 1000 the relative errors hardly change. Values of ' 3  and h 3 are reconstructed with relative error less than 1% already when К = 1000.
The dependence of the aim function on electro-physical parameters of the roadway coverage has been investigated. In order to demonstrate the dependence of the aim function on electro-physical parameters in a three-dimensional form two partial electro-physical parameters have been selected for calculations of the aim function. To calculate the value of the theoretical spectral density The geometric forms of the white areas are ellipses ( fig. 8 and fig. 9 ), but of different sizes. Comparative analysis of these areas allows us to make the following conclusion: a. dielectric permittivity and thickness of layers heavily affect the values of aim functions; b. calculation of the aim functions for 300 max  f МHz increases the size and compression of the ellipses, which means that in order to calculate aim functions it is crucial, that max f is less than 300 МHz;
c. aim function with a complex spectral density is more informative, because areas taking values less than  are smaller in size, i.e. corresponding ranges 
